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 A reticulated structure is an interconnexion of bars used to create industrial 
products. They are rigid and lighter than traditional structures. So they can be 
the best choice when material gain is an optimization purpose. Generating a 
reticulated structure automatically is a feature helping industrial players in 
the design phase. This generation depends on the kind of the conception 
domain. In this paper we propose a solution that generates a reticulated 
structure in an arbitrary domain with zero or several holes. The proposed 
solution is a hybrid method using a technique generating a reticulated 
structure in a convex conception domain and suggesting a criterion to 
validate generated segments. Our new algorithm uses a method of 
computational geometry. We also present a study of the behaviour of a 
reticulated structure generated using our tool by calculating the deformation 
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Automating the design process of a structure is an industrial challenge. That's why design tools are 
continually improving to invent products with optimum structures while simulating their behavior during the 
design phase. In this context, reticulated structures known for their rigidity and low weight seem to be the 
best response to a need for optimal structure with minimal cost.  
A reticulated structure is a union of N cylindrical rods interconnected at their extremities. They are 
light structures. This property coincides with the industry's need to save the raw material by designing 
lightweight components, because weight reduction also reduces the cost of the component. These structures 
have also the advantage of being prefabricated. They are present in civil engineering, mechanic, architecture, 
etc. For example, they are used to build bridges, aircrafts. 
In general, a structure used in industry must be in optimal form otherwise it could be inappropriate 
for production. So, structure optimization methods are usually conscripted to find a better distribution of the 
material in designed structure. By studying some of these methods, we notice that a good part of the proposed 
solutions can be considered as reticulated structure. That is why, we suggest designing a structure as a 
reticulated structure from the beginning. 
Desiging a reticulated structure is doing in two phases. First, the structure is generated automatically 
inside a conception domain choosen by the designer. Then the generated structure undergoes optimization 
treatment to obtain the best possible structure. 
In this paper we propose a method for the automatic generation of a reticulated structure. Designing 
a reticulated structure depends on the conception domain and especially on its convexity. In an industrial 
context, conception domains may have any form. It was therefore necessary to study the possibility of 
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generating a reticulated structure whatever the nature of the initial design domain and especially if it is not 
convex. 
On the one hand, the generation of a reticulated structure amounts to creating bars interconnected at 
the ends. On the other hand, by defining a design domain, the designer determines the envelope where the 
structure is to be set up. Thus, it determines the limits of the product in space. Now, if this domain is not 






Figure 1. Generating a reticulated structure for a non convex conception domain. (Segments to be eliminated 
are red) (a) Conception domain without holes; (b) Conception domain with a hole 
 
 
Thus, the automatic generation of a reticulated structure begins by linking the points discretizing the 
boundary of the design domain as showing in Figure 1. Then, the bars that are not entirely contained in the 
design area will be eliminated. And finally, the bars retained will be redistributed to increase the rigidity of 
the structure. However finding a bar removal criterion is not so obvious. 
In this paper, we suggest an algorithm to generate a reticulated structure automatically whatever the 
type of the design domain. Our new algorithm is defined in two main phases. It starts by connecting all initial 
nodes of the structure. Then, it proposes an elimination criterion to reject segments that are not included 
entirely in the conception domain. This elimination is based on a method of computational geometry. 
The paper is divided into five sections. Section 2 situate the problem by introducing the basics on 
the generation of reticulated structures, and gives a brief overview of previous works done on this subject. 
The new algorithm is explained in Section 3. In Section 4, an overview of the structure’s deformation energy 




2. PROBLEM SITUATION 
2.1.  Generating a reticulated structure 
The algorithms for generating reticulated structures differ according to the type of the design 
domain. In a convex domain Ω, two points A and B are connected by a segment contained entirely in Ω. This 
property has been exploited by Chiheb&Panasenko [1] to generate automatically reticulated structures from a 
convex design domain. Their technique, named AGRS, begins with a discretization of the boundary of the 
design domain into a finite number of points. Then, these points are linked in pairs to represent the reticulated 
structure which is then subjected to an optimization treatment enabling to obtain a most optimal structure. 





(a)    (b) 
 
Figure 2. Generating a reticulated structure in a convex domain (a) Convex conception domain;  
(b) Corresponding reticulated structure 
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Therefore, a convex design domain is a special case of design domains, and all domains are not 
convex. By studying non-convex design domains, we noticed that there are non-convex domains that may be 
decomposed into a finite number of convex sub-domains. So, we recently proposed an algorithm [2] to 
generate and optimize a reticulated structure from a design domain of this category. The proposed algorithm 
uses a convex decomposition technique to obtain a finite number of convex sub-domains. Each of these sub-
domains is considered to be an input of the Automatic Generation of Reticulated Structures algorithm 
(AGRS) [1]. Therefore, a reticulated structure is generated by a convex sub-domain. Subsequently, the partial 





Figure 3. Decomposing a non-convex domain and Generating a reticulated structure 
 
 
A second category of non-convex design domains is those that cannot be decomposed into exactly 
convex sub-domains. The complexity of these areas increases if they contain holes. We are interested in this 
type of non-convex domains. 
 
 
3. PROPOSED SOLUTION 
The automatic generation of a reticulated structure begins with a discretization of the contour    
into a finite number of points. Each point of discretization is a node of the structure. Then, the nodes are 
linked in pairs to create the segments of the reticulated structure. The set of created segments is called E. 
Now a segment is eliminated if it is not completely contained in the design domain, in other words: 
Let Ω be the non-convex design domain, the segment S must be eliminated if: 
 
 ̇̂           (1) 
 
The set of segments to be eliminated is defined as follows: 
 
ESAE = {S /  ̇̂          } (2) 
 
The process of automatic generation is illustrated in Figure 4. According to (5), a segment S is 
eliminated if there is a point of its interior which does not belong to Ω. 
In Figure 5, the two segments     and     are to be eliminated. For    , all points of its interior do 
not belong to the design domain. So a single test is enough to eliminate this type of segment. However, the 
segment    is partially contained in Ω so finding a point that does not belong to Ω can be expensive since it 
may require a large number of tests. 
 
Let      be a segment of the structure, and M(
 
 
)a point of       : 
if M does not belong to Ω then       is eliminated automatically.  
 
(3) 
First, it was important to set up a technique to choose the points of the segment for which the 
relation (6) must be verified. Since a segment is infinity of points, we were inspired by a bracketing method 
to represent the segment with a set of points ( 
 
). The bracketing is a method used to decide on the 
existence of zeros of a given function in an interval. This method proposes to subdivide an interval into a 
finite number of sub-intervals with the same size, and then the research process is applied to each sub-
interval. 
But, determining whether a point belongs to a domain is not a simple problematic. Therefore, we 
propose to use a geometry algorithm to solve this problem. It’s an algorithm that is able to determine the 
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position of a point with respect to a polygon: inside, outside or on the edges of the polygon. For our case, the 
polygon is the approximation of the initial design domain created by linking the discretization nodes of the 





Figure 4. Generating a reticulated structure steps (a) Non-convex 
conception domain; (b) Discretization; (c) Creating segments;  












Figure 4. Segments to eliminate 
 
 
3.1.  Point in polygon: review 
The point in polygon is a very natural problem in the field of computational geometry which 
decidewhether a point is inside or outside a polygon. So, we want to use this technique to check each point of 
a studied segment and decide whether it is inside the studied conception domain. 
Many algorithms are used in literature to locate a point relative to a polygon. Two examples are 
shown on Figure 6. One of the first point-in-polygon algorithms is Crossing Number algorithm (CNA)  
[3]-[5]. Given a polygon P and a point M, CAN counts the number of times a ray starting from the point M 
crosses the polygon boundary edges. The point is outside when this "crossing number" is even; otherwise, 
when it is odd, the point is inside. This method is efficient for all types of polygons and it works in     time 





Figure 5. (a) Crossing number method; (b) Winding number method 
 
 
For the winding number algorithm (WNA) [5], it counts the number of times the polygon winds 
around the point M. The point is outside only when this "winding number" is zero; otherwise, the point is 
inside. This algorithm is not desirable for polygons with a large number of sets. However, an improved 
implementation of the winding number was proposed by Hormann&Agathos [7] for self-intersecting 
polygons. 
WNA & CAN are algorithms based on computing a parameter. They are simple to implement but 
both of them are slow especially if the number of polygon’s vertices is large. So, other algorithms were 
proposed to improve the performance of solutions. These algorithms adopt the principle of “divide and 
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conquer”. So, they propose a pre-processing step dividing the polygon into a set of simpler polygons (convex 
polygons [8], triangles [9], and trapezoids [10]). After decomposition each algorithm uses one of the basic 
algorithms to determine the position of the point in question. 
 
3.2.  New algorithm steps 
The solution that we propose in this work is a hybrid algorithm using the principles of the AGRS 
algorithm [1] to generate a reticulated structure in an arbitrary conception domain. The steps of this new 
algorithm are as follows: 
Step 1: The designer gives the design domain. It is enough that he defines the outer border of this domain 
and possibly the borders of the holes (if they exist). 
Step 2: Borders are discretized with a sufficient number of points. These points are the initial nodes of the 
future structure.  
Step 3: All points are linked in pairs. Each link represents a candidate segment of the reticulated 
structure. Some segments are not completely contained in the conception domain. So, they are 
eliminated in step 4. 






) are two points of step 2), we apply a point-in-polygon 
algorithm to maintain or eliminate this segment. However, applying this type of algorithms on the 
design domain assumes that it is a closed polygon. So, the boundary near the segment must be 
approximated to a closed polygon. 
     is discretized into a set of points (
 
 
). So, checking the elimination criterion for the 
segment is to check if each ( 
 
) is inside or outside the “polygon”: 
For each ( 
 
), Call an algorithm Point- In- Polygon, 
                                
                                               
Step 5: After eliminating inappropriate segments, we determine the points of intersection between the 
validated segments. Then, we calculate the connectivity matrix of the generated structure. 




Figure 6. Automatic generation of a reticulated structure in an arbitrary  non-convex conception domain 
 
 
The solution we propose is hybridization between two solutions. First we take advantage of the 
simplicity of the principle of generating reticulated structures in a convex domain. Then, we validate each 
segment using a reduced complexity algorithm.  
Moreover, if the number of discretization points is large then the number of segments to test is 
important. So it was interesting to design our solution as a parallel program. Parallelism reduces the running 
time and optimizes the use of material resources which increase the efficiency of our algorithm. This 
mechanism could be used in two contexts: 
a. To select the segment to be processed: Segments can be shared between multiple processes 
b. Sharing the tests of the elimination criterion between several processes. So each segment would be 
treated by many processes 
Our method is based on discretizing the studied segment. So, it is sensitive to the number of the 
discretization points. In some cases, this number should be sufficient to detect the points that are out of the 
conception domain. 
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In Figure 8, the conception domain has a reflex vertex with an angle that tends to 2π. As shown on 
the figure, the discretization of the segment must create a sufficient number of points on the diameter of the 
circle to decide that the segment must be eliminated. The experiments have shown that if the bridge created 






Figure 7. Special case 
 
 
Figure 8. Bridge of order of      
 
 
Until now, the designer has to choose the step of discretization. But, it would be interesting to 
automate this step according to the nature of the conception domain.In the other hand, the method we use to 
validate a segment has for inputs a point and a polygon. But our design domains are not necessarily polygons 
but arbitrary curves. Then, it was necessary to approximate the contours of the design domain to a polygon 
such that its sides are the segments linking two points          . This approximation should be concise to 
guarantee that it would not impact the results. So, we choose a discretization fine enough to approach the 
continuity of the design domain. 
 
 
4. NODAL DISPLACEMENT 
A reticulated structure is designed to be rigid and balanced. Moreover it can be subjected to 
mechanical or thermal forces of deformation influencing its stiffness. These forces are applied on the nodes 
of the structure what produces a displacement of these nodes. 
Optimizing a reticulated structure means minimizing its deformation energy. This energy is defined 
using the nodal displacement matrix: 
 
     
 
 
     (4) 
 
U: nodal displacement vector 
F: vector of nodal forces        
So, after generating the structure we need to calculate the deformation energy. We start by 
calculating the nodal displacements. For this, we use an equation defining a relation between stiffness matrix, 
vector of nodal displacements and vector of nodal forces: 
 
      (5) 
 
such that: K is a square matrix of size 2×n (n is the number of the structure nodes); U and F are vectors  
of size 2×n. 
We suggest in our tool a feature to calculate the deformation energy of the generated structure in 
order to introduce the optimization works. So, three inputs are to be defined: Connectivity matrix, nodes with 
zero displacement and the vector of nodal forces. 
The generation operation, presented in this paper, produces a reticulated structure represented by a 
connectivity matrix. A connectivity matrix is produced to be used for describing the equilibrium equation of 
this structure. It is a square binary matrix that describes connections between the nodes of the structure. 
A connection between two points is equivalent to a segment. Also, for any structure, we have nodes with zero 
displacement and nodes that are under load. Those that are zero displacement must be neglected when 
calculating nodal displacements. 
Experiments have shown that as the transverse section grows larger the deformation energy 
decreases see Figure 10. However, to choose the best transverse distribution it may be useful to use bars with 
different transverse sections. 
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Also, the material to be used to make the bars of the reticulated structure has a significant impact on 
the deformation energy see Figure 11. This is due to the fact that the deformation energy is calculated using a 
constant named Young Module. This constant differs according to the material used for the manufacture of 
the bars. 
It is important to simulate thebehavior of the structure to study its stability and its rigidity.But this 
simulation is not enough and we must also make sure to design it in the best model. For our project, we 
defined more than a level of optimization and we aim to use a metaheurstic algorithm to reach our goal. 
A metaheuristic algorithm solves hard problems for which we can not have exact solutions with classical 
methods.In literature, several algorithms were proposed to define an optimal structure [12], [13] and a set of 
algorithms was destined to optimize lattice structures [14]-[16]. So this topic of optimization will be detailled 





Figure 9. Variation of the deformation energy 
depending on the transverse section of the bars 
 
 
Figure 10. Impact of the manufacturing material of 




This work aims to create a tool helping industrial engineers to design reticulated structures in 
efficient way. The designer only gives the envelope of the structure and our tool takes care of the generation 
of the structure with an optimum form. In this paper, we developed an algorithm to generate reticulated 
structures in arbitrary conception domain. The algorithm is a generalization of algorithms generating 
reticulated structures for special cases of conception domains. This solution is working on complex 
conception domains even those with holes. 
A tool for industrial design must study the behavior of the structure to be designed. The study of this 
behavior would lead us to choose the selection of the bars constituting the optimal form of the structure. 
Now, optimizing the structure amounts to propose the form that minimizes its deformation energy. So, we 
present here an example of generated structure and the calculation scheme of this energy, starting with a 
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